ABSTRACT: Some aspects of the statistical problem of relating frequency of earthquakes in the Denver area to injection of waste water by the Rocky Mountain Arsenal are discussed. Behaviour of cumulative time series for earthquake frequency and volume of water are analyzed. A regressioncorrelation analysis leads to an exponential model approximating the relationship between these two variables. Also considered are statistical tests of the differences in mean number of earthquakes per month for three periods of waste injection.
INTRODUCTION
In this issue of The Mountain Geologist, Evans proposes a theoretical construct for a relationship between the injection of waste water by the Rocky Mountain Arsenal and the occurrence of earthquakes in the Denver (Derby) area. This relationship suggests a number of interesting statistical overtones, some of which are examined in this paper.
The analysis here is confined exclusively to volumes of waste injected by the Arsenal and the number of recorded earthquakes by month from March 1962 through October 1965 (table 1) . These data are not derived, of course, from controlled experimentation, and, because of this, have some undesirable characteristics for purposes of statistical analysis. Moreover, there is uncertain precision in the location of the epicenters of the earthquakes as well as their intensity as measured on the Richter scale. On the other hand, figures for volumes of waste injected and number of earthquakes are quite reliable. However, waste injection pressures have varied considerably during certain periods between 1962 and 1965 (see Evans, this issue), which add another dimension to the data.
CUMULATIVE TIME SERIES
Volumes of waste water cumulated on a monthly basis are compared to corresponding monthly cumulative frequencies of earthquakes for the period March 1962 to October 1965 in figure 1. For example, the cumulative volume for April 1962 is obtained by adding the volume 
MODEL RELATING INJECTION VOLUMES TO FREQUENCY OF EARTHQUAKES
A simple mathematical model relating frequency of earthquakes to injection has been fitted to the data in table 1 grouped in threemonth intervals excluding the first and last month figures. The analysis above suggests that month-to-month frequencies of earthquakes are dependent upon one another to an unknown extent. Moreover, there appears to be about a three-month lag in the series for frequency of earthquakes behind the series for injection volumes. These dependence and lag characteristics of the data are undoubtedly far more complicated than pictured here, but they do suggest that grouping of the data by three-month intervals suppresses, to some extent, these undesirable properties for purposes of statistical analysis. Shown in table 2 are the injected volumes and frequency of earthquakes grouped into successive three-month intervals. Data for March 1962 and October 1965 have been omitted from the analysis to give an integral number of three-month periods.
Waste volume in millions of gallons versus the logarithm of frequency of earthquakes in each three-month interval is shown as a scatter diagram in figure 2. The points in figure 2 are generally scattered along a linear path showing that large waste volumes are associated with large number of earthquakes and small frequency of earthquakes accompany low waste volumes. The equation of this linear path, found using the method of least squares (Cramer, 1945; Mood and Graybill, 1963; Croxton and Camden, 1955 ) is given by log Ei -1.207 + 0.0350 Wi, where E^ denotes the number of earthquakes in three-month interval, i, and W^ is the volume Estimates from this model are subject to variation. This is to be expected, since the model itself is derived from data subject to considerable variation. Shown in figure 2 are upper and lower 95 percent confidence belts. If certain mathematical assumptions are assumed to hold, these belts provide practical limits to the error in the estimates. It may be asserted that in repeated observations of the number of earthquakes at a given injection volume, 95 percent of such observations are expected to lie within the upper and lower 95 percent confidence belts.
The confidence belts exhibit considerable spread. This is not surprising since the number of earthquakes during the period October 1964 to September 1965 has a very large variance, apparently due to substantial changes in injection pressure of the waste during this period.
The extent to which there is a linear dependence of the logarithm of E^ and W^ is, roughly speaking, measured by their correlation coefficient (Cramer, 1945; Mood and Graybill, 1963; Croxton and Camden, 1955) . For the data above, the correlation coefficient is 0.85. Theoretically, the absolute value of the correlation coefficient is always less than or equal to 1, where values near 1 correspond to greater linear dependence than where the absolute value is near zero. Since the correlation coefficient is computed from sample data, it, too, is subject to variability. With 14 observations, it may be asserted that the probability that a correlation coefficient of 0.85 could have arisen by mere chance, when actually there were no linear dependence between the log Ei and W|, is about 5 in 1000. (Crame'r, 1945; Mood and Graybill, 1963; Croxton and Camden, 1955) . In table 3 are shown certain statistical estimates for each of these three time periods. The hypothesis that there is, in fact, no difference in the mean number of earthquakes is tested against the alternative hypothesis that a difference does exist. The results of these tests are shown in table 4. Thus, for example, the hypothesis that there is no difference in the mean number of earthquakes between period 1 and period 2 is rejected by both tests. Moreover, it may be asserted that as between period 1 and period 2 the probability of such a difference between the means, as that observed, arising by random fluctuation is about 1 in 1000. This shows that there is some assurance that the difference in means is real.
MEAN MONTHLY FREQUENCY OF EARTH-QUAKES
It is noteworthy that these tests failed to detect any statistically significant difference in frequency of earthquakes per month between period 1 and period 3. A different result might have been expected since some point has been made of the fact that the higher pressures of injected volumes of waste in period 3 would contribute to a substantially larger number of iiii.
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LIMITATIONS OF THE ANALYSIS
The foregoing analysis should be considered a tentative one. Many factors such as pressures of injected waste, location of epicenters, magnitudes of earthquakes, geophysical constraints, should be taken into account in a more thoroughgoing analysis of the phenomenon under consideration. Even under most favorable circum-REFERENCES stances there are severe limitations in the data for purposes of statistical analysis, and it is likely that we may have to be satisfied with something less than a definitive answer. No claim is made that the implications of the above analysis are invariant.
There is always present the temptation to conclude that a cause and effect relationship exists between two factors when confronted with data as compelling as that presented here. All sciences are replete with unhappy instances where this temptation preempted sober precaution.
